Viologens possessing long alkyl chains are condensed to monolayers of their radical cations upon one-electron reduction on a basal plane of a highly-oriented pyrolytic graphite (HOPG) electrode in contact with not only one-component viologen aqueous solutions but also binary mixtures. For three types of binary mixtures of viologen including ten different combinations, the condensed phase formation processes were described using the results of voltammetric measurements. First, in the case of the binary mixture of symmetric di-alkyl viologens (dA) with different chain lengths, two-dimensional (2D) phase separation into two domains took place in the course of cathodic potential scan in a certain range of the solution molar fraction when the chain length difference is two methylene units or more. Second, in the case of the mixture of a dA and its both-end carboxylated derivative (bis-carboxylated viologen: bC), either pure bC condensed phase or dA + bC well-mixed phase covered the entire surface area.
Introduction
It is presently one of the central issues of chemistry to provide the basis of accurate means to control various molecular organization structures. In molecular organization chemistry, design and quantitative evaluation of homo-and hetero-intermolecular interactions are of importance.
When the molecules organize into crystals, liquid-crystals, self-assembled structures, and two-dimensionally aligned structures, interaction with neighboring molecules is usually the dominant factor over long range interactions. As well as the clarification of the relationship between the structures of individual molecules and organized assemblies, understanding of dynamics of both formation and dissolution processes is indispensable to shed light in depth on the molecular organization.
The use of a molecular organization process to form a monolayer driven by potential control at an electrified interface is well-suited to describe the factors governing the organization process [1] [2] [3] . Among others, the merit of the observation of such processes on an electrode surface includes: (1) macroscopic data such as voltammograms sensitively reflect the monolayer structures and formation kinetics, because voltammetric current directly represents the amount of the molecules in the monolayer and potential dependent dynamics, (2) the fine control of the potential can precisely switch the states of the molecule as well as the micro-environment of the interface, and (3) reduction of the space dimension from three-dimension (3D) in a homogeneous medium to 2D at a heterogeneous interface enables us to focus our attention on the lateral intermolecular interaction as a determinant factor, though interaction with an electrode surface and solvation/desolvation effect should be additionally taken into account.
When a monomolecular film on an electrode surface exhibits the first-order phase transition between condensed and diffuse phases in response to the potential change, the transition process appears as sharp voltammetric peaks [3] . Examples described in recent reports include both nonfaradaic transitions [4] [5] [6] [7] and faradaic ones [8] [9] [10] [11] [12] . The voltammetric peak position, wave-shape, and dependence on the time-scale of the experimental parameters, such as a potential scan rate, tell us a plenty of information of thermodynamics and kinetics.
Viologen molecules with long alkyl chains exhibit the first-order 2D phase transition upon their one-electron redox reactions between viologen dication (V
2+
) and viologen radical cation (V
•+
) on a basal plane of a highly-oriented pyrolytic graphite (HOPG) electrode [10, 11, [13] [14] [15] [16] . The transition takes place between a gas-like adsorption state of V 2+ and a 2D condensed monolayer of V
•+
. The cathodic condensation process is a typical 2D molecular organization. In our previous studies, the potential separation between cathodic and anodic spike-like voltammetric peaks, corresponding respectively to condensation and dissolution processes, was found to reflect the strength of the lateral intermolecular interaction. The interaction in the condensed monolayer is of multiple modes. It includes π-π stacking of viologen cation radical rings, which are oriented in side-on configuration on the HOPG electrode surface, and chain-chain interaction between alkyl chains, which are lying flat. When the alkyl chain end is carboxylated, intermolecular hydrogen bonding interaction contributes largely as a lateral interaction in an acidic medium [15, 17] .
The occurrence of the phase transition is not restricted to a single component viologen system. A binary mixture of viologens also exhibits phase transition on an HOPG electrode surface as demonstrated in our previous paper [18] . In general, in the single component systems, intermolecular homo-interaction is only the factor to be considered in addition to the interaction with the electrode surface and the interplay of solvent. In the binary systems, intermolecular hetero-interaction joins the important factors. Elucidation of interplay of these interaction modes, together with the molecule-surface interactions, is a fundamental issue to understand the 2D molecular organization processes at a molecular level [19] [20] [21] [22] [23] [24] [25] [26] [27] . The 2D molecular organization processes of viologen binary systems may provide us with the opportunity to shed light in depth on the interplay of interactions.
The advantageous features of the use of an HOPG electrode|viologen solution 4 interface for the study of phase transition processes of binary systems accompanying 2D molecular organization include: (1) not only the dissolution process of the condensed phase but also the formation process can be directly monitored by electrochemical methods, (2) because the double-layer charging is predominantly due to the space-charge layer charging of the HOPG surface [28, 29] , non-faradaic current is small and insensitive to the potential as well as to the presence of an organic thin film. In contrast, in the case of reductive desorption of a self-assembled monolayer (SAM) of alkanethiol or its derivative at a Au electrode (this process can be also regarded as a typical 2D phase transition process), only the dissolution process gives rise to the response of significance [19, 21, 30] . In addition, double-layer charging of solution side, which is largely dependent on potential and the presence of superficial films, should always be properly taken into consideration on a metal electrode [31] .
The aim of this work is at the elucidation of the conjugation of homo-and hetero-intermolecular interactions in the electrochemically triggered 2D molecular organization processes to condense to a monolayer. We describe the condensation process in the 2D phase transition of binary viologens on an HOPG electrode surface using the results of the measurements of cyclic voltammograms (CVs).
Scheme 1
We use six different viologen molecules including four symmetric di-alkyl viologens (dA-m) and two bis-carboxylated viologens (bC-n), and ten binary combinations (Scheme 1). Among the combinations examined, description for bC-4 + bC-7 mixture should be omitted, because the overlap of bulk reduction of bC-7 at -0.56 V (vs. E Ag|AgCl|sat'd KCl ) with cathodic phase transition of bC-4 at -0.57 V gave rise to complication, avoiding our straightforward analysis. [15, 17] . The behavior of the combination of dA-7 + bC-7 has been described in detail in our previous communication [18] : two molecules are well mixed in a condensed phase.
Type 3 (broken lines in scheme 1) is the binary mixture of dA and bC with different numbers of methylene units.
It is out of the scope of this paper to elucidate the detailed molecular alignment structure and phase formation kinetics for each of specific mixing combination of two viologens. With an aim at overviewing the perspective of the phase transition processes, we use herein a common measurement condition in the voltammetric studies.
Constant start potential and scan rate of the potential scan in CV measurements and total concentration of the two coexisting components were employed unless otherwise stated.
Overall, 2D compatibility of the two components and the effect of the presence of the terminal interactive group are highlighted.
Experimental Section
Except for heptylviologen (dA-7), which was recrystallized from commercial reagent (TCI), dA molecules were prepared by a Menshutkin reaction of sublimated 4,4'-bipyridine with corresponding alkylbromide in DMF.
1,1'-bis(7-carboxyheptyl)-4,4'-bipyridinium dibromide (bC-7) was prepared in our previous study [15] . Note that the first touch of the HOPG electrode to the gas/solution interface followed by voltammetric measurements is the prerequisite to realize sharp transition responses [11] .
Therefore, whenever changing the solution phase composition, the peeling-off and H-M touching procedures were conducted. All the electrochemical measurements were made using a Ag|AgCl|saturated KCl reference electrode and a coiled Au wire counter electrode under an Ar gas (>99.998%) atmosphere. When alkaline solution was necessary, KOH was used to adjust pH. The start potential of the potential scan in CV measurements was fixed at 0.0 V, where a pre-equilibration time of 5 min was given, unless otherwise stated. Table 1 In order to be consistent with our previous work [18] in regards to experimental conditions, we used commonly 80 mV s -1 as a standard potential scan rate for CV measurements. For the sake of the analysis of CVs, we first list in Table 1 the anodic and cathodic transition peak potentials (E pa and E pc , respectively) of CVs at 80 mV s -1 , together with the midpoint potential, E 1/2,a = (E pa + E pc )/2, and the peak separation, ΔE p = E pa -E pc , for all six viologens used. Those values will be referred to when necessary.
Results
Note that CVs were frequently dependent of both the start potential and pre-equilibration time. For example, the cathodic peak of bC-4 (see 3.2) exhibited slightly different wave shape when the start potential was set far more positive than 0.0 V. To avoid complexity, for example due to partial surface oxidation of HOPG, we fixed the start potential at 0.0 V in the present work. In the binary mixture of dA-7 and dA-4 (see 3.1.3), when the pre-equilibration time at 0.0 V was short, the more positive redox couple appeared smaller. Most likely, it takes time to establish equilibrium state of gas-like adsorption layer of oxidized forms at 0.0 V. For all the systems, however, whenever we used a pre-equilibration time longer than 5 min, we obtained constant CVs.
Therefore, for all the CVs discussed herein, a constant start potential at 0.0 V and pre-equilibration time of 5 min were used. We are underway of detailed study on what 8 is occurring during the pre-equilibration time, and the results will be reported elsewhere.
Mixture of two symmetrical di-alkyl viologens (dAs) with different chain lengths
The CVs of the series of dAs for their single component cases at an HOPG electrode were previously reported by Arihara and coworkers [10] . They reported that, with increasing the alkyl chain length from dA-2 to dA-8, E 1/2,a shifts to less negative and ΔE p becomes greater. Our results in the present work (Table 1) agreed well with theirs.
The increase in adsorptivity due to stronger attractive interaction of longer alkyl chain to the hydrophobic HOPG surface shifts E 1/2,a to less negative. The decrease in solubility of reduced form with the increase of the chain length also drives the shift of E 1/2,a to less negative. The increase of intermolecular chain-chain interaction in the condensed phase of radical cations with longer alkyl chains leads to the increase in ΔE p . The well-mixing into a unique binary phase has frequently been observed, for example, for the SAMs of two alkanethiol molecules with a minor difference of alkyl chain length on a Au electrode [21] . coworkers [34] . Importantly, it was found that the phase separated state observed in
CVs for these two combinations is of transient one as in the case of the dA-7 + dA-4 mixture as we reported previously [18] . Potential holding at more negative potential than the potential of more negative couple in the course of the potential scan resulted in the annihilation of the more negative anodic peak and the growth and positive shift of the less-negative anodic peak. Therefore, the phase separated state is transitory and the finally reached state is the one component phase of the viologen molecule with longer chain. The longer alkyl chain viologen has stronger affinity to the HOPG surface and also exhibits stronger homo-intermolecular interaction than shorter one.
Mixture of dA-m + dA-(m -3) for m = 7
The behavior of this mixture was previously reported by us (Fig. 3 in ref. [18]). In short, x 7 dependency is similar to the cases of Δm = 2. The two phase coexsistence range of x 7 was from 0.025 to 0.062, being narrower than that for dA-5 + dA-7 mixture but wider than that for dA-4 + dA-6 mixture.
Behavior of bC-4
It is worthwhile to describe the one-component system of bC-4, in comparison with dA-4, before mixing it with others. and bC-7. This difference is most likely due to much higher solubility and lower attraction with the HOPG surface for bC-4 than bC-7.
Mixture of dA-m and bC-n for m = n = 4 and m = n = 7
The behavior of the mixture of dA-4 + bC-4 is first concerned, and then it is compared with the behavior of the mixture of dA-7 + bC-7, which has already been discussed in our previous paper [18] . values of E pc and E pa than those of the pure phase. Bis-carboxylated viologen cannot allow contamination with di-alkyl counterpart in its condensed phase, exhibiting no change of peak positions (Fig. 4-B, x A4 ≥ 0.6). In contrast, a di-alkyl viologen enriched phase can allow contamination with bis-carboxylated one.
The x A4 dependent change of CVs described above is similar as a whole to x A7 dependent change of CVs for the mixture of dA-7 + bC-7 (Fig. 4-C) [18]. 
Cross Mixture of dA + bC

Mixture of dA-7 + bC-4
A series of typical CVs for the mixture of dA-7 + bC-4 are shown in Fig. 5 -A, together with the relationship between peak potentials and log x A7 (Fig. 5-B ). In the range of x A7 ≤ 0.0025, the condensed phase of bC-4 was observed without contamination with dA-7 in it. In the range of 0.004 ≤ x A7 ≤ 0.10, coexistence of a bC-4 phase and a dA-7 enriched phase occurred. Around x A7 = 0.024, the voltammetric charges corresponding to these two phases were almost the same. When x A7 ≥ 0.14, the dA-7 enriched phase predominantly covered the electrode surface, while it did not appear as a pure dA-7 phase even at x A7 = 0.50 as seen by more negative peak potentials compared to the singular phase of dA-7. The total peak charge obtained by This fact is in sharp contrast to the case of two phase coexistence in two different dA molecule mixture. In the range of 0.0063 ≤ x A7 ≤ 0.091 in Fig. 5 , dA-7 molecules, which were given first coming chance to condense on the electrode surface at less negative potential prior to bC-4, did not cover the entire HOPG electrode surface. And then, bC-4 covers the remaining area on the electrode as its condensed phase. Fig. 6 
Mixture of dA-4 + bC-7
Fig . 6 shows a series of CVs (A) and x A4 dependent peak potentials (B) for the mixtures of dA-4 + bC-7. In this combination, both E pa and E pc for dA-4 were in between E pa and E pc for bC-7 (see also This cathodic peak potential (-0.545 V) was approximately 20 mV more negative than the singular system of bC-7, presumably due to the need to simultaneously initiate the condensation to form two phases. With the increase of x A4 from 0.962 to 0.9901, the less negative anodic peak rapidly shifted to more negative and merged into a single peak.
At x A4 = 0.996, because the charge of the anodic peak was equivalent to the sum of the charges of two cathodic peaks, both dA-4 and bC-7 condensed at the two cathodic peaks were reoxidized and dissolved simultaneously at one anodic peak. It is likely that sequencially formed two condensed phases merged into a homogenous phase during the 14 cathodic scan, which was finally dissolved at the anodic peak. In sharp contrast to the dA-7 + bC-4 case, compatibility of reduced forms of dA-4 + bC-7 on the HOPG surface may be high (this interpretation will be discussed in section 4). At x A4 ≥ 0.9901, dA-4 became able to condense by its own as indicated by the appearance of the cathodic peak at -0.45 V.
In alkaline solution
It is useful to examine the behavior of the mixtures containing bC in alkaline solution in which carboxylic acid groups are deprotonated to be carboxylates. It is important to see how the loss of hydrogen bonding formation ability affects the phase transition. 
Discussion
It is worthwhile first to summarize the main results for three types of binary mixtures. In type 1 (mixture of two different dAs), appearance of the molar fraction region, in which phase separation into two domains occurs, requires a chain length difference of two or more methylene units (Fig. 3) . Otherwise, two dAs form one well-mixed condensed phase at any molar ratio ( Fig. 1 and Fig. 7-A) . In the condensed phase, the content ratio of the longer alkyl chain dA is greater than that in the solution phase. (Fig. 7-B) . This is an energetically downhill process, because oxidation potential of V •+ of shorter one is more negative than reduction potential of V 2+ of longer one ( Table 1) . Note that such a displacement-exchange process, yet electron transfer is not necessarily accompanied, has been observed not only on an HOPG electrode for an anhydride + ester binary system [24] but even on a Au electrode for a binary SAM of adamantane thiolate and alkanethiol [35] .
In type 2 (mixture of dA-m + bC-n with m = n), when the solution content of bC-n is more than half, almost pure phase of it cover the entire surface (Fig. 4) . The increase of dA-m content in solution results in the well mixed condensed phase. This fact reveals that as long as an extent of similarity in molecular shape and size is satisfied, the presence of the additive -COOH group does not cause phase separation.
In type 3 (mixture of dA-m + bC-n with |m -n| = 3), phase separation into two domains takes place clearly for dA-7 +bC-4 mixture in a certain range of solution composition (Fig. 5 ) but less clearly for dA-4 + bC-7 (Fig. 6 ). In the latter combination, we tentatively interpreted that this combination has high compatibility of 16 reduced forms of dA-4 + bC-7 on the HOPG surface as described in section 3.4.2, resulting in one merged anodic peak in the range of x A4 = 0.99-0.9984 (Fig. 6 ). There is another possibility that, because of the occurrence of rapid substitution of dA-4 for bC-7: (dA-4) surface should be well mixed. This is equivalent to the first interpretation that this combination has high compatibility.
In addition, it is noteworthy for type 3 mixture that the minimum fraction of dA-m necessary to prevent bC-n from its full surface coverage of a pure phase is ca. 0.004 for dA-7 + bC-4 and ca. 0.8 for dA-4 + bC-7. This is due to either or both very high rigidness of the pure bC-7 phase and weak ability of dA-4 to destroy the pure phase of others.
Coexistence of two phase-separated domains was observed for the mixtures of two dAs with more than two methylene difference as well as those of the type 3 (dA-7 + bC-4), though it appeared only in a narrow range of the mixing ratio as a transitory state.
The molar fraction range that gives rise to phase-separated two domains is also of significance. We also found an explicit tendency that the pure phase of bis-carboxylated viologen, being once initiated to be created, does not allow strictly the contamination with others, while di-alkyl viologen exhibits high tolerance. The phase with hydrogen bonding network tends to expel dialkyl viologen. A possible exception of this is the case of dA-4 + bC-7 as discussed above. As demonstrated by the results in alkaline solution, the deprotonated carboxylate form of bC has no chance to condense to its pure phase.
For the mixtures exhibiting phase separation, it would be meaningful to discuss the correlation between the molar fraction in the solution phase and that in the condensed phase on the HOPG surface. However, we discard this analysis because the interval of molar fraction showing the phase separation is very narrow and the correlation is time dependent due to the transitory nature of the phase separated state.
In the mixtures of two dAs with chain length difference of two or more methylene groups, dA-4 + bC-4, dA-7 + bC-7, and dA-7 + bC-4, the behavior of the viologen originally possessing less negative reduction potential is concerned. At very low content of the viologen, it cannot start condensation, whereas the majority viologen can do at more negative potentials. As long as only the reduction potential is considered, the viologen originally possessing less negative reduction potential could be first condensed. To mention few examples, in the mixture of dA-6 + dA-4, when the molar fraction of dA-6 in the solution is lower than 0.01, cathodic peak representing condensation of dA-6 was not observed in the course of cathodic potential scan, even though the reduction potential of dA-6 is less negative than that of dA-4 ( Fig. 3-A) .
Another example has been described in 3.4.1. This would be due to too low concentration to create a nucleus that can start growth or due to the adsorption blocking 18 by coexisting majority partner in the mixture (Fig. 7-C) .
Because the phase-separated state observed is a transitory state, what was observed in this work is neither equilibrium state nor steady state. Exchange with solution species should be taken into account as shown in Fig. 7-B . Therefore, deeper understanding of the kinetics is highly important. To that purpose, especially to draw a quantitative kinetic model, we need to know exactly the molecular alignment structure of the condensed phase on the electrode surface as a due course. We are, therefore, currently preparing in situ scanning probe microscopic measurements to directly see the 2D molecular organization structure, distribution of the domains, and their time evolution.
Conclusion
Formation of a viologen radical cation condensed phase through 2D molecular organization process on an HOPG electrode surface in binary viologen solutions was 
